The behaviour of the shear velocity along a gravel-bed channel is investigated experimentally in the presence of a negative pressure gradient (accelerating flow). Different methods of estimation of the shear velocity, derived from vertical profiles of the mean longitudinal point velocity, are examined and a new method is proposed. Results show that the proposed method of estimation is comparable to the St Venant and Clauser's methods. At a specific cross section, for constant bottom slope and relative roughness, shear velocity increases with discharge.
INTRODUCTION
For open-channel flows, knowledge of the bed shear stress has considerable importance for the estimation of flow resistance and sediment transport. However, efforts for assessing this phenomenon have been mainly devoted to uniform flow conditions, while it is known that natural-channel flows are often nonuniform. Also, most field studies of bed shear stress have relied on a single discharge instead of a range of discharges (Simons & Sunturk, 1992) . Such formulations tend to have limited application because they do not allow for the proper variations of the resistive processes at a specific cross section (Bathurst, 1982) .
This study is concerned with the laboratory observation of nonuniform openchannel shear velocity, namely of accelerated flows, which occur when the flow velocity increases along its path, thus creating a boundary layer with a favourable pressure gradient. The objectives are: (a) to experimentally investigate vertical profiles of the mean longitudinal point velocity over a gravel-bed channel and validate the law of the wall; (b) to propose a new method to calculate the shear velocity from velocity profiles and compare results with the Clauser and St Venant methods; and (c) to investigate variations of the shear velocity as a function of flow discharge at a specific cross section, for constant bottom slope and relative roughness. This study is in line with the conclusions of the ASCE Task Force on Friction Factors in Open Channels (1963) , which stated that understanding of friction resistance in open channels stems largely from studies based on boundary-layer theory and any advances in understanding will also come through concepts related to this theory.
Previous studies on accelerating flows over rough and gravel beds, such as those of Song & Graf (1994) and Kironoto & Graf (1995) , had different objectives, namely to investigate the mean flow properties and turbulence characteristics of steady accelerating flows in an open channel in equilibrium boundary layer.
Experimental facilities and procedures are first described. The methodologies available to extract shear velocities from vertical profiles of the mean longitudinal point velocity, are presented along with the proposed procedure. Variations of the shear velocity as a function of discharge at a specific cross section are then examined, for a constant bottom slope.
EXPERIMENTAL FACILITIES AND PROCEDURES
The flume used is located at the Civil Engineering Department of Université Laval, is 8.8 m long, 0.6 m wide and 0.6 m deep. The sidewalls are of glass and the bed is made of galvanized sheet metal. A pump circulates water from a constant elevation sump. A Neyrpic flowmeter in the supply line is used to measure discharge. Water depths are measured with a mobile limnimeter. The test section is located 1.9 m from the end of the flume. Oscillation and irregularities observed within the head-box are damped by a grid, which also assures stabilized flow conditions in the flume entrance. Subsequently, the flow passes over the gravel bed up to the flume's measuring reach and drops at its downstream end into a collection tank linked to the sumps. In order to obtain an accelerating flow, where flow depth decreases along the flow direction, the tailgate installed downstream was carefully adjusted for each run. To verify that the flow is nonuniform, water depths were measured with a mobile limnimeter 1.90, 3.90 and 5.90 m from the end of the flume. To ascertain that the flow was fully developed, velocity distributions were measured at three sections, 1.90, 2.40 and 2.90 m from the downstream end of channel. Figure 1 shows that these profiles are similar. The flow at the test section was thus fully developed.
Various bottom slopes were obtained by varying the thickness of the gravel layer along the flume (minimum thickness of 5 cm). The gravel size distribution was calculated using Wolman's (1954) Afzalimehr & Anctil (1999) indicated that such variations affect the integration constant in the law of the wall, but do not influence the shear velocity estimation. Fifteen velocity profiles were measured for three different flow discharges (Q = 0.04, 0.06, and 0.08 m 3 s'), and four different bottom slopes (S = -0.007, -0.010, -0.015, and -0.020).
According to Kironoto & Graf (1995) , differences between flow resistance derived from the Darcy-Weisbach formulation:
( 1) and the law of the wall formulation:
are largely due to uncertainties in the measurement of the distance from the bed y and in the estimation of the shear velocity w», where / is the Darcy-Weisbach friction factor, u," is the cross-sectional average velocity, u is the mean point velocity in the longitudinal direction, K is the von Karman constant, k s is Nikuradse grain roughness, B is a numerical constant of integration, w allows the adjustment of the y -0 plane, and dso is the median grain size. Note that a value of 0.4 for K was confirmed by Kironoto & Graf (1995) , for gravel-bed channels. In this study, adjustment of the y = 0 plane was accomplished by including a displacement height (or reference level, cod 50 ) in the formulation of the law of the wall, equation (2), with 0) chosen such that it yields the best log-linear fit. The reference level is not universal, but varies with experiment-specific conditions (Nezu & Nakagawa, 1993) . For this study, the reference level was determined by regressing the mean point velocity u against ln [(y + (od 50 )/d 50 \, with oo chosen as the value producing the best correlation coefficient for the regression. The reference level was 0.2d 50 below the top of the plane passing through the average tops of the gravel. Note that the adjustment of the y = 0 plane allows accurate identification of the velocity-profile datum which is crucial for establishing the correct curvature of the profile, which, in turn, affects the calculated value of u* (Robert, 1990) .
The mean velocity measurements were determined with a downlooking Acoustic Doppler Velocimeter (ADV). Since the centre of the sampling volume is positioned 5 cm below the transmitting transducer located at the centre of the probe, surface velocities were extrapolated from the observations by means of a correlation between u andy.
The range of relative roughness (h/d x , where h is the flow depth) for the 15 measured velocity profiles was 7.48 < h/d 50 < 12.99 (1.82 < wlh < 3.16, where w is the channel width). The variations of the Reynolds and the Froude numbers are 2.3 x 10 5 < Re < 4.9 x 10 5 and 0.14 < Fr< 0.36, respectively. Table 1 is a compilation of the parameters collected 1.90 m from the downstream end of channel centre line.
Note that the bi-dimensionality of the flow has been ascertained by comparing profiles taken on both sides of the centre line, and that dh/dx was computed over the distance 5.90 to 1.90 m from the downstream end of the channel. In addition to the 15 measured profiles, 19 more, which were collected by Kironoto & Graf (1995) over a rough plate (d 50 = 4.8 mm) and over gravel-bed (d 50 -23 mm) channels, were considered in this study (Table 1) .
VELOCITY DISTRIBUTION
The velocity distribution, for a bottom slope S of -0.02, a relative roughness h/d 5a of 9.96, and a flow discharge Q of 0.08 m 3 s" 1 is plotted as u vs y/h in Fig. 2 . Kironoto & Graf (1995) stated that, for accelerating flow, the maximum velocity is located under the free stream, namely at y/h = 0.6. As velocities near the surface could not be measured in this study because of downlooking ADV limitations, it is difficult to ascertain this affirmation. However, it can be observed in Fig. 2 that the increase in longitudinal mean velocity is indeed small above about y/h -0.6. 
SHEAR VELOCITY ESTIMATION
Shear velocity is the most fundamental scale with which to normalize mean velocity (Nezu & Nakagawa, 1993) . However, since its measurement is not trivial, several methods have been proposed to estimate this parameter. Some of these methods are discussed herein. It should be noted that the negative bottom slope associated with this type of flow, alone, prevents the use of the zero pressure-gradient model u t = -s[ghS 0 , where S 0 is the bed slope.
The St Venant method
In a prismatic rectangular channel (constant width), the equation of continuity for steady flow is:
and the corresponding conservation of momentum equation is:
where g is the gravitational acceleration, 5/is the friction slope, and dQ/dx, dujdx and dh/dx are longitudinal variations of flow discharge, mean velocity and flow depth respectively. Putting du m /dx from equation (3) into equation (4) and simplifying leads to:
If one takes into account the following bulk approach which is based on the friction slope application for nonuniform flow (Chow, 1959) :
and uses Sf as defined in equation (5), the bed shear velocity may be expressed as:
Shear velocities derived form this approach are presented in Table 2 .
Clauser's method
Clauser's method (1956) relies on the validity of the logarithmic law for the inner region of the boundary layer (y/h < 0.2). White (1974) ascertained this validity for flows with a pressure gradient, and it has been confirmed by Song & Graf (1994) and Kironoto & Graf (1995) over gravel beds. In Clauser's method, the shear velocity is estimated from the parameters of the regression of the mean point velocity u and ln [(y + 0.2d 50 
where B and a are the intercept and the slope of regression equation, respectively. A combination of equation (8) with the expression for the law of the wall (equation (2)):
then leads to:
Table 2 groups the results derived using Clauser's method, while Fig. 3 confirms the validity of the law of the wall for the inner region of the flow, where the regression is fitted only through the lower fifth of the velocity profile (y/h < 0.2). 
Boundary characteristics method
Another method for estimating the shear velocity is proposed here. Its derivation relies on the shear velocity estimates obtained using Clauser's method, and recognizes that dh/dx or du/dx are not the only factors describing nonuniformity.
According to Hinze (1975) , consideration of the velocity-defect law in the outer region of boundary layer allows the following expressions for the displacement thickness 8*, and momentum thickness 8: 
where Z? r is a constant term for uniform flow. Putting equation (13) into equation (14) one obtains:
. -I U ,
integration of which leads to:
where A = 1/K. Similarly, putting equation (13) into equation (11) and repeating the above operations, one obtains:
Thus C =A + B an d C 2 = 2A +B~ ~2AB r . Dividing equation (16) by equation (15), a form factor H can be defined as:
1-C lit in which C = CjC 2 . Since C\ and C2 are universal constants, C is also a universal constant for flows without pressure gradients. Using the velocity-defect law, it can be shown that C = 2/K. The value of C for flows with pressure gradients is not a universal constant because flow depth varies downstream. Using the 19 shear velocities of Kironoto & Graf (1995) (Clauser's method) , the value of C is determined as follows: C (8*-e)« n b»u" (18) in which the displacement and momentum thicknesses are (Fox & McDonald, 1992-Chapter 9) :
The results lead to a mean value of 4.4 for C, and a standard deviation of 0.33. It should be stressed that Kironoto & Graf (1995) 
To validate the proposed value of C, the shear velocities derived from Clauser's method and the 15 accelerating longitudinal velocity profiles collected here were compared with equation (21). These observations confirm the proposed value of C, leading to an overall coefficient of determination R 2 of 0.89 (Fig. 4) . This shows that equation (21) , respectively-differences of the order of 1%. In this sense, the proposed method is thus more robust than Clauser's method. Furthermore, comparison with the St Venant method leads to a coefficient of determination R of 0.71 (Fig. 5) . In this case too, the proposed method is more robust, since it is based on resistive factors at a specific cross section and not longitudinallyaveraged variables such as dh/dx or ûujdx. A microscopic approach, which relies on a local velocity profile for the estimation of the shear velocity, should also lead to a better understanding of the resistive process than a macroscopic approach such as St Venant. For example, the St Venant method cannot explain how a negative pressure gradient affects the shear velocity, since vertical profiles of the mean longitudinal point velocity are not involved in the computation. Furthermore, it is sensitive to the estimation of dh/dx, which is difficult to pin down in gravel-bed channels.
According to Song & Graf (1994) and Kironoto & Graf (1995) , the vertical distribution of the Reynolds stress for negative pressure gradients has a concave form, with values constantly decreasing from the bed to the water surface. A similar distribution is obtained here (Fig. 6 ). For negative pressure gradients, it is possible to relate the longitudinal pressure gradient (dp/dx) with the vertical Reynolds stress gradient (dt/dy) via the Navier-Stokes equation. At the bed, velocities u and v (the mean point velocity in the vertical direction) are negligible, the turbulence shear stress pwV is significantly larger than the viscous shear stress, and the evolution of the turbulent shear stress in the x direction is much smaller than in the y direction (Cousteix, 1989) . These considerations allow simplifying the complete form of the Navier-Stokes equation to:
9t Yy { -pUv)= dy dp dx
where u' and V are the velocity fluctuations in the longitudinal and vertical directions respectively, and p is water density. Since, for accelerating flow, the pressure gradient is negative, the Reynolds stress gradient also has to be negative which leads to a concave distribution.
BEHAVIOUR AT A SPECIFIC CROSS SECTION
To investigate the effect of discharge variations on the bed shear stress, profiles which had similar relative roughness were compared. For a constant bottom slope of -0.007 and a constant relative roughness of 9.96 (for which h = 0.253 m), the estimated shear velocities derived using the proposed method, i.e. equation (21), were 0.027, 0.036 and 0.042 m s" 1 , for discharges of 0.040, 0.060 and 0.080 m 3 s'\ respectively. So, the larger the discharge, the greater the bed shear stress.
CONCLUSION
A new approach for the estimation of the shear velocity has been proposed. It is based on the combination of the displacement thickness, momentum thickness and maximum velocity, with a constant value determined here to be 4.4. This new approach has been derived from 19 vertical velocity profile measurements published by Kironoto & Graf (1995) and validated with 15 more profiles collected here to study the behaviour of the bed shear stress for accelerating flows over a gravel bed.
Shear velocity derived from the proposed method compares favourably to estimates based on either Clauser's or the St Venant method. Analyses of the 15 profiles also confirmed that the logarithmic law is valid for gravel-bed channels, as long as it is applied to the inner layer of the flow (y/h < 0.2). Further, according to the proposed method, the Clauser and St Venant methods for accelerating open channel flows over a gravel bed, the larger the discharge the larger the bed shear stress, for constant relative roughness and bottom slope at a specific cross section.
